r The brain's internal model of the body and the sense of body ownership are fundamental to interaction with the world.
Introduction
Proprioception and the brain's internal model of the body are fundamental to our ability to interact with the world around us (e.g. Proske & Gandevia, 2012) . Over the past two decades, there has been considerable progress in understanding the physiological underpinnings of perceived body position and ownership. Congruent sensory signals are generally regarded as essential to these bodily senses, both spatial congruence -seeing a hand being brushed and feeling you are being brushedand temporal congruence -the observed brushing is synchronised with the felt brushing (Erhsson et al. 2004; Constantini & Haggard, 2007; Shimada et al. 2014 ; see also Collins et al. 2017) . Illusions of body ownership are typically induced by providing temporally congruent, repetitive multisensory stimuli in the presence of an artificial body part. These dynamic stimuli activate brain areas involved in multisensory processing and induce a sense of ownership over the artificial limb (Botvinick & Cohen, 1998; Lloyd et al. 2003; Ehrsson et al. 2005; Blanke, 2012) .
In our recent work, isolated movements of the index finger and digital nerve blocks showed that illusions of ownership of a finger-like object can be induced when muscle receptors are the sole source of relevant sensory information (Héroux et al. 2013) . Thus, multisensory stimuli are not essential to induce body ownership. Our previous study also presented results from nine healthy subjects where, with the hands separated by 12 cm, passively grasping an artificial finger with one hand caused perceived vertical spacing between the two hands to reduce almost immediately by 3 cm. This effect, termed the grasp illusion, provided preliminary evidence that the internal representation of the body can be altered with static sensory signals arising solely from cutaneous touch receptors. This suggests that repeated dynamic stimuli which are temporally congruent may not be required. In this small sample, only one subject reported feeling ownership over the artificial finger, indicating that a brief and simple sensory stimulus may not modify this aspect of proprioception. However, the discovery of the grasp illusion was accidental and not the focus of our previous study. If it is possible to alter a person's sense of ownership by providing a simple static sensory stimulus, this would provide direct evidence that temporal congruence of dynamic, ongoing sensory stimuli is not essential to the sense of body ownership.
Because the grasp illusion relies on static sensory signals from the thumb and index finger in contact with the artificial finger, it provides a method to investigate what physical characteristics of touched objects are important to perceived body position and ownership. With a high density of sensory receptors (Johansson & Vallbo, 1979a) and a disproportionately large representation in cortical sensory areas (e.g. Penfield, 1947) , human hands can detect small differences in texture, shape, compliance and temperature (Lamb, 1983a; John et al. 1989; Goodwin et al. 1991; Srinivasan & LaMotte 1995; Voisin et al. 2002; Bensmaia et al. 2008; Filingeri 2016) . These physical attributes characterise the things we manipulate on a daily basis: objects, our body, the bodies of others. It is not known which, if any, of these physical characteristics are important to the neural processes that determine what objects and body parts belong to us.
The first aim of this study was to estimate precisely the size of the immediate and sustained effect of the grasp illusion on perceived body position and ownership, as well as to quantify their relationship. The second aim was to identify which physical characteristics of the artificial finger used in the grasp illusion influence perceived body position and ownership. The physical characteristics investigated were temperature, compliance, texture and shape.
Methods
Thirty subjects participated in Experiment 1 (14 females, mean age 35.0 years, range 23-52) and 30 subjects participated in Experiment 2 (17 females, mean age 29.7 years, range 23-39). Thirteen subjects participated in both experiments. For these subjects, the time between experimental sessions was 8-12 months. Subjects were informed about the procedures. Also, subjects were informed that their digits might come into contact with objects, but they were given no information about their nature and shape. In addition, subjects never viewed or actively manipulated the objects. Subjects remained naive to the exact hypothesis tested. All subjects gave written informed consent. The experimental procedure was conducted in accordance with the Declaration of Helsinski (2008) and approved by the University of New South Wales Human Research Ethics Committee.
Experimental set-up
Initially, the subject had both arms relaxed by their side and sat at a desk in an enclosed booth. A large monitor (height: 60 cm, width: 105 cm) was located 70 cm in front of the subject, with the base of the monitor at shoulder level. A black cloth extended forward from the neck and shoulders to the desk supporting the monitor to ensure that the subject could not see their upper extremities or the testing apparatus.
Next, the subject's arms were positioned by the experimenter (right arm first) and the subject was instructed to remain completely relaxed throughout this process. For the no-grasp condition, the right forearm and hand rested semi-pronated on the desk. The ulnar side of the hand was placed in a hard clay mould to stabilise it and help the subject stay relaxed during the experiment. The subject's right index finger was extended while the other fingers were curled (see Fig. 1A ). The subject's left forearm and hand rested in the same position on a support table placed on the desk. The tips of the left and right index fingers were aligned in the vertical and anterior-posterior direction. Horizontally, the distal phalanx of the right and left index fingers overlapped (see Fig. 1A ). In this position, the vertical distance between the right and left index fingers was 12 cm.
The position of the right and left upper extremity was similar for the grasp and no-grasp conditions (Fig. 1B) . However, in the grasp conditions the subject's left thumb and index finger passively grasped (i.e. touched) an artificial finger, and these digits were lightly held in position by a clamp. The subject's right index finger was held in place by another clamp that applied gentle pressure to the anterior and posterior aspect of the distal phalanx. The inner surface of this clamp was fitted with two pieces of silicone molded in the shape of fingers. The clamps were adjusted so that the subject reported the pressure exerted on their left index finger and thumb was the same as the pressure on their right index finger. The control rubber finger was made from silicone, and had a central metal bar (diameter 0.7 cm, length 3 cm) that mimicked a bone.
Across all experimental conditions, the time taken by the experimenter to position subject's arm and hand was Testing took place on two days, each comprised of one testing condition. A, for the no-grasp condition, perceived vertical spacing between the tips of the right and left index fingers was assessed at the start and end of the trial (see Methods for details). B, for the grasp condition, the subject passively grasped an artificial rubber finger with their left index finger and thumb. Perceived vertical spacing and perceived ownership of a held object was assessed at the start and end of the trial (see Methods for details). Between experimental measures subjects watched a 3-min clip from a silent film. For clarity, clay moulds used to support the hands and clamps used to hold the right index finger and left index finger and thumb in the grasp condition are not shown. standardised (ß30 s to install the right arm, ß1 min to install the left arm). Once in position, subjects were instructed to not move their arms and hands and to stay completely relaxed.
Experimental measures
We quantified the effect of the grasp illusion on perceived body position and ownership with two common measures. At various times in Experiment 1 and Experiment 2 (see below), we asked the subject to report the vertical spacing between the tips of their right and left index fingers. In response to the question 'Which line corresponds to the vertical distance between the tips of your index fingers (left or right above)' , the subject was asked to select from a series of 21 vertical bars presented on the monitor. The vertical bars were identified by letters and covered vertical spacings ranging from 0 cm to 20 cm, in 1 cm increments. The order of the bars was randomised in each presentation. When perceived vertical spacing between the two index fingers was different from zero, we asked the subject to indicate if they felt their left or right index finger was above.
For the grasp conditions, we also asked the subject about their level of perceived ownership over the artificial finger they were passively grasping with their left thumb and index finger. Specifically, the subject had to indicate how strongly they agreed or disagreed with the following statement: 'I feel that I am holding my right index finger with my left hand' . Subjects rated their level of agreement by selecting from the following 7-point Likert scale: strongly disagree, disagree, somewhat disagree, neither agree nor disagree, somewhat agree, agree and strongly agree.
Experiment 1
This experiment examined how the absence of visual feedback and grasping a finger-like object affects perceived spacing of the hands over time. It also examined how a person's sense of ownership over the grasped object changes over time. As depicted in Fig. 1 , Experiment 1 consisted of two conditions, no-grasp and grasp, which were tested on separate days, at least one week apart. The order of testing was pseudo-randomised with half the subjects undergoing the no-grasp condition first.
At the start of each testing session, the subject watched an instructional video that explained the experimental procedure and measures. With the no-grasp condition, the subject was asked to report perceived vertical spacing between the index fingers at the start and end of the trial (see Fig. 1A ). The measure at the start of the trial occurred immediately after the subject was positioned, whereas the measure at the end of the trial occurred after the subject watched a 3-min video clip from a silent film. These clips were used to standardize attention between subjects. The J Physiol 596.2 subject was instructed to remain relaxed for the entire duration of the trial. The grasp condition was identical to the no-grasp condition, except that each measure of perceived vertical spacing was immediately followed by a measure of perceived ownership (see Fig. 1B ).
Experiment 2
This experiment examined how physical characteristics of the grasped artificial finger affect perceived spacing and ownership. Testing for Experiment 2 took place on two days at least one week apart. Each day consisted of two testing blocks, with each block testing one of four physical characteristics of the artificial finger (see Fig. 2A ). Blocks were randomised across subjects. Each block consisted of three trials: two of the trials tested characteristics of temperature (hot, cold), compliance (firm, soft), texture (rough, smooth) or shape (odd, cubic), and the third trial served as a control and used the control rubber finger. Trial order was randomised across blocks and subjects. At the start of each testing session, the subject watched an instructional video that explained the experimental procedure and measures. Testing took place on two days, each comprised of two testing blocks. A, each block investigated the effect of a different physical characteristic of the grasped finger on perceived spacing and ownership. Each block consisted of three trials: two trials tested different aspects of the physical characteristics -temperature (hot, cold), compliance (firm, soft), texture (rough, smooth), shape (odd, cubic) -and a third trial acted as a control. B, each main trial started after the subject had passively grasped the control artificial rubber finger with their left index finger and thumb for 3 min (i.e. grasp control finger). Next, the control finger was changed for one of the three fingers to be tested in the block. Perceived vertical spacing and perceived ownership of a held object was then assessed immediately and 3 min later (i.e. grasp test finger). During the grasp-control-finger and grasp-test-finger parts of the trial, subjects watched a 3-min film clip.
For temperature, the hot and cold artificial fingers were identical to the control rubber except that the central metal bar (7 mm diameter) that mimicked a bone was 15 cm long. This bar was passed through and sealed to the lid of a vacuum flask, which was filled with either iced water or boiling water. This generated stable surface temperatures of the artificial finger lasting 30 min: 12°C for the cold finger and 48°C for the hot finger. No subject reported discomfort or pain when holding these fingers. For compliance, the firm finger was identical to the control rubber finger except that it was made of brass, while the soft finger was identical to the control rubber finger except that it did not have a metal bar that mimicked a bone. The brass finger was coated with a thin layer of silicon (ß0.5 mm) to ensure its only difference from the control rubber finger was its compliance. For texture, the rough finger and smooth fingers were identical to the control rubber finger except that the surface was either covered in irregular 1-3 mm bumps (rough) or was devoid of any finger-like curves or bumps (smooth). Finally, for shape, the odd and rectangular cuboid fingers were identical to the control rubber finger, except that the odd finger had several protrusions, divots and corners, whereas the cuboid finger had a simple rectangular shape. In reference to the orientation depicted in Fig. 2A , when the subject passively grasped these fingers, their index finger was in contact with the dorsal portion of the artificial finger and their thumb was in contact with the ventral portion.
Pilot experiments indicated that the strength of the grasp illusion increases with repeated exposure, as recently reported for the rubber hand illusion (Fuchs et al. 2016) . We also noted that 2 min with the hands by the side or in full view did not reset subjects; that is, perceived spacing and ownership measured at the start of the next trial did not return to baseline values. Because Experiment 2 involved testing several physical characteristics, we wanted to eliminate the effect of previous trials on subsequent ones. Therefore, each trial started with a 3-min grasp-control-finger period, identical to that used in Experiment 1, except that no measures were taken (see Fig. 2B ). This initial period created a baseline state that was comparable between trials and allowed us to assess the effect of different physical characteristics on an existing grasp illusion. Immediately after this 3-min grasp-control-finger period, the control rubber finger was replaced for the test finger and perceived vertical spacing and ownership were assessed immediately (start) and after 3 min (end). During the 3-min "grasp-control-finger" and "grasp-test-finger" periods, subjects watched a clip from a silent film. Each block included a trial in which the control rubber finger was used as the test finger. For these trials, the control rubber finger was passively grasped for 3 min, then removed from the subject's grasp, and subsequently returned for an additional 3 min.
Data analysis
All analyses described below were preplanned and no additional exploratory analyses were carried out. Data were analysed with an estimation approach based on confidence intervals (Cumming, 2012; Cumming & Calin-Jageman, 2017) . In Experiment 1 we estimated the effect size of having the hands out of sight for 3 min on perceived vertical spacing (i.e. no-grasp condition). Similarly, we estimated the effect size of grasping a hidden artificial finger for 3 min on perceived vertical spacing and ownership (i.e. grasp condition); items from the Likert scale were paired to a linear integer scale, ranging from 1 (strongly disagree) to 7 (strongly agree). Finally, we quantified the extent to which effects on perceived vertical spacing differed between the no-grasp and grasp conditions. The effect of time on perceived vertical spacing and ownership was estimated by calculating the mean [95% CI] difference between start and end values for each subject (end -start). To estimate the differential effect of the no-grasp and grasp conditions on perceived vertical spacing, we calculated the mean [95% CI] difference between the start values of both conditions (grasp -no-grasp) as well as the end values of both conditions (grasp -no-grasp). To investigate the relationship between perceived ownership and perceived spacing, the Pearson correlation coefficient [95% CI] was estimated for the start and end periods.
In Experiment 2, we estimated the effect size of grasping an artificial finger with a different physical characteristic on perceived vertical spacing and ownership. To estimate the magnitude of the immediate effect, we calculated the mean [95% CI] difference between the start values of each characteristic and the control rubber finger from the corresponding test block (characteristic -control finger). To estimate the effect after 3 min, we calculated the mean [95% CI] difference between end values (characteristiccontrol finger). Finally, to estimate the effect of different physical characteristics over time, we calculated the mean [95% CI] difference between the estimated effects at the start and the end periods (end -start).
All primary values and all primary difference values from Experiment 1, and all difference values from Experiment 2 are included in figures. All summary values reported in text and figures are means with the 95% CI. We have not used null-hypothesis statistical testing. However, all preplanned comparisons with a 95% CI that does not include zero can be considered statistically significant (i.e. P < 0.05) (Cumming & Calin-Jageman, 2017) .
Results

Experiment 1
This experiment examined how grasping a finger-like object affects perceived spacing and ownership over time.
For the no-grasp condition, the left index finger was 12 cm above the right index finger. Subjects reported a mean vertical spacing of 11.1 cm [9.6-12.7] at the start of the trial, which decreased to 8.7 cm [7.3-10 .1] after 3 min at the end of the trial. Across subjects, perceived vertical spacing decreased by 2.4 cm [1.5-3.4 ] between the start and end of the trial (Fig. 3A, left panel) . The fingers were also 12 cm apart for the grasp condition. Subjects reported a mean vertical spacing of 5.8 cm [4.3-7.3] at the start of the trial, which decreased to 2.7 cm [1.5-3.8] at the end of the trial. Across subjects, perceived vertical spacing decreased by 3.1 cm [1.8-4.5] between the start and end of the trial (Fig. 3A, right panel) . Compared to the no-grasp condition, the grasp condition caused a greater reduction in perceived vertical spacing. Specifically, the difference between these two conditions was −5.3 cm [−7.3 to −3.4] at the start period (Fig. 3B, left panel) and −6.0 cm [−7.5 to −4.5] at the end period (Fig. 3B, right panel) , i.e. the effect of the grasp illusion on perceived spacing.
For the grasp condition, mean perceived ownership of the grasped artificial finger was 3.1 [2.4-3.8] at the start of the trial, corresponding to 'somewhat disagree' . By the end of the trial, perceived ownership increased to 4.3 [3.6-5.0], or between 'neither agree or disagree' and 'somewhat agree' . Across subjects, perceived ownership increased by an average of 1.2 [0.6-1.9] over the course of the grasp trial, more than 1 point on a 7-point Likert scale (Fig. 4A) .
There was no correlation between the measures of perceived ownership and vertical spacing at the start of the trial (r = −0.26 [−0.58 to 0.11], P = 0.160; Fig. 4B ). However, there was a moderate negative correlation of r = −0.49 [−0.73 to −0.16] (P = 0.005) at the end of the trial (Fig. 4C) . This indicates that, across subjects, the greater level of ownership reported at the end of the trial was accompanied by a smaller perceived spacing between the right and left index fingers.
Experiment 2
This experiment examined how four physical characteristics of the grasped artificial finger affect perceived spacing and ownership over time. Figures 5 to 8 depict the results in a uniform way, with all observations presented.
Temperature. Perceived vertical spacing was similar between the hot finger and control rubber finger at the start and end of the trial, with no evidence that it changed over time (Fig. 5A, left panel) . Perceived vertical spacing results were similar when grasping the cold finger (Fig. 5A, right  panel) . While the hot finger had no effect on perceived ownership (Fig. 5B, left panel) , grasping the cold finger influenced ownership. At the start of the trial, the mean difference between the cold and control rubber finger was −1.2 [−1.9 to −0.5] (Fig. 5B, right panel) . This effect J Physiol 596.2 decreased to −0.6 [−1.4 to 0.2] by the end of the trial, with no evidence that perceived ownership changed over time (0.6 [−0.1 to 1.3]). Thus, when the cold finger was grasped, perceived ownership was reduced by more than 1 point on a 7-point Likert scale compared to the control finger.
Compliance. Compared to the control rubber finger, grasping the firm or soft finger had no effect on either perceived vertical spacing (Fig. 6A) or ownership (Fig. 6B) .
Texture. Grasping the rough finger did not influence perceived vertical spacing (Fig. 7A, left panel) . In contrast, it resulted in a reduction in perceived ownership.
Specifically, the mean difference between the rough and control rubber finger was −1.2 [−1.8 to −0.6] at the start of the trial and −0.9 [−1.6 to −0.2] at the end of the trial, with no evidence that this effect changed over time (0.2 [−0.2 to 0.7]; Fig. 7B, left panel) . Thus, when the rough finger was grasped, perceived ownership decreased by ß1 point.
Compared to the control finger, perceived vertical spacing was smaller when subjects initially grasped the smooth finger. Specifically, the mean difference in perceived spacing was −1.0 cm [−1.9 to −0.2] at the start of the trial, whereas it was 0.2 cm [−0.9 to 1.4] at the end of the trial. There was no evidence that this effect changed over time (1.3 cm [−0.1 to 2.6]; Fig. 7A, right panel) . Grasping the smooth finger had no effect on perceived A, the left panel shows perceived vertical spacing between the tips of the index fingers at the start and end of the no-grasp condition plotted for each subject. The difference in perceived spacing for each subject is also plotted (effect: end -start). Across subjects, there was a mean reduction in perceived vertical spacing of 2.4 cm [1.5-3.4] over the course of the 3-min trial. The right panel shows perceived vertical spacing at the start and end of the grasp condition plotted for each subject. The difference in perceived spacing for each subject is also plotted (effect: end -start). Across subjects, there was a mean reduction in perceived vertical spacing of 3.1 cm [1.8-4.5] over the course of the 3-min trial. B, the left panel shows the immediate effect of the grasp illusion. It compares perceived vertical spacing at the start of the no-grasp and grasp conditions. The difference in perceived spacing for each subject is also plotted (effect: grasp -no-grasp). Across subjects, holding the rubber finger lead to a mean reduction in perceived vertical spacing of 5.3 cm [3.4-7.3 ]. The right panel shows the effect of the grasp illusion after holding the rubber for 3 min. It compares perceived vertical spacing at the end of no-grasp and grasp conditions. The difference in perceived spacing for each subject is also plotted (effect: grasp -no-grasp). Across subjects, holding the rubber finger lead to a mean reduction in perceived vertical spacing of 6.0 cm [4. Shape. Perceived vertical spacing was similar between the odd-shaped and control finger (Fig. 8A, left panel) . In contrast, grasping the odd-shaped finger reduced perceived ownership. Specifically, the mean difference between the odd and control rubber finger was −1.2 [−1.7 to −0.7] at the start of the trial and −1.1 [−1.7 to −0.5] at the end of the trial (Fig. 8B, left panel) . This effect did not change between the start and end of the trial (0.1 [−0.4 to 0.6]). Perceived vertical spacing was similar between the rectangular and control finger (Fig. 8A, right panel) . As for the odd-shaped finger, grasping the rectangular finger reduced perceived ownership. The mean difference between the rectangular and control rubber finger was −1.1 [−1.7 to −0.5] at the start of the trial and −1.2 [−1.8 to −0.6] at the end of the trial (Fig. 8B, right panel) . This effect did not change between the start and end of the trial (−0.1 [−0.5 to 0.4]).
Discussion
Proprioception is essential to the central representation of the body, critical for planning movements and interacting with the external world. Here we provide new insights into the role of cutaneous receptors in shaping perceived body position and ownership. Not only do we show that static touch induces rapid, large, and sustained changes in perceived spacing of the hands, we also demonstrate that prolonged exposure to these cutaneous inputs induces a sense of ownership over an artificial finger comparable to that observed in some rubber hand illusion studies. In addition, we identify key physical characteristics of grasped objects that influence the sense of body ownership, furthering our understanding of the sensory inputs that mediate this sense.
Experiment 1
In support of our previous findings, grasping an artificial finger with one hand caused a rapid and marked illusion that the hands were closer together (Héroux et al. 2013) . Compared to having the hands hidden from view, this passive grasp induced a 5-6 cm reduction in perceived vertical spacing between the right and left index fingers when they were 12 cm apart. The magnitude of this effect is comparable to the change in perceived position of the hand in the rubber hand illusion (Durgin et al. 2007; Zopf et al. 2010; Bertamini & O'Sullivan, 2014; Abdulkarim & Ehrsson, 2016) . Traditionally, the rubber hand illusion is assessed following several minutes of synchronous brushing of a visible artificial hand and a hidden real hand (Botvinick & Cohen, 1998; Ehrsson et al. 2005; Bertamini et al. 2011; Rohde et al. 2011) . Changes in perceived body position induced by the J Physiol 596.2 rubber hand illusion are most pronounced in the first 40-60 s of congruent brushing, progressing more slowly thereafter (Tsakiris & Haggard, 2005; Rohde et al. 2011) . This contrasts with the rapid and sustained effects observed with the grasp illusion.
Perceived vertical spacing decreased 2-3 cm over a 3 min period. However, this reduction occurred regardless of whether or not subjects were holding the artificial finger. This indicates that over time, subjects perceive the relative position of the hands to be closer together, and this can occur in the absence of any external alterations in ongoing sensory stimuli. Our results are in line with the findings of Rohde et al. (2011) , who found that simply looking at a rubber hand for 2 min caused subjects to perceive their hand had drifted 6 cm towards the rubber hand, a similar effect to the rubber hand illusion.
In the present study, 33% of subjects reported some level of ownership of the artificial finger when they first grasped it, and this increased to 50% of subjects after 3 min. Across all subjects, the mean level of perceived ownership rated on a 7-point Likert scale was 'somewhat disagree' at the start of the trial, and between 'neither agree or disagree' and 'somewhat agree' at the end of the trial. The level of ownership at the end of the trial is comparable to the mid-to lower range reported for the rubber hand illusion (e.g. Erhsson et al. 2005; Durgin et al. 2007; Kanayama et al. 2009; Schütz-Bosbach et al. 2009; Bertamini & O'Sullivan, 2014) . Thus, ownership of an artificial rubber finger can be induced in the absence of temporally congruent, dynamic sensory signals. Specifically, the sense of body ownership can be altered by the static cutaneous stimuli caused by a passive grasp of an unseen artificial finger.
Experiment 2
When we assessed the characteristics of the artificial finger, we found that some affected perceived ownership, but the perceived vertical 'coming together' of the two index fingers was surprisingly robust, little affected by large changes in properties of grasped objects.
Grasping a cold finger immediately reduced perceived ownership. The magnitude of this effect was on average 1.2 points on a 7-point Likert scale. In comparison, the difference in perceived ownership between congruent and incongruent conditions in rubber hand and rubber finger illusions is typically 1.5-2.3 points (Schütz-Bosbach et al. 2009; Zopf et al. 2009; Bertamini et al. 2011; Rodhe et al. 2011; Bertamini & O'Sullivan, 2014) , although it can be as large as 4 points when a single source of sensory information (muscle receptors) is available (Héroux et al. 2013) or subjects are selected (Ehrsson et al. 2005) . The magnitude of the effect induced by the cold finger halved to 0.6 points after 3 min, with a 95% confidence interval that included zero, indicating it was likely no longer important. Why did this effect tend to decrease over time? When contact is made with an object, the rate of skin cooling is greatest in the first 10 s (Jay & Havenith, 2004) , which coincides with the start period of our trials. Also, thermal sensations are known to adapt quickly (e.g. Schepers & Ringkamp, 2009) . Surface temperature measures of parts of the artificial finger not in contact with the subject's Positive values indicate perceived vertical spacing was smaller for the control rubber finger, whereas negative values indicate it was greater for the control rubber finger. The effect of temperature on perceived spacing over time is also shown on each panel (effect: difference end -difference start). B, differences in perceived ownership between the hot finger and control rubber finger at the start and end of the trial (hot -control) and the cold finger and control rubber finger at the start and end of the trial (cold -control). Compared to the control rubber finger, perceived ownership at the start of the cold-finger trial was lower by 1. thumb and index finger confirmed that the temperature of the cold and hot finger in these areas remained constant throughout the experiment. However, thermal conduction between the digits and the artificial finger may have changed the temperature of the artificial finger where it came into contact with the digits. If present, this may also have contributed to the observed pattern. Non-painful cooling and heating of the hidden real hand in the rubber hand illusion does not affect perceived ownership (Kammers et al. 2011) , indicating that changes in thermoreceptor activity unrelated to sensory signals involved in generation of the illusion (i.e. touch and vision) do not influence body ownership. Our results are in line with the view that thermoreception contributes to thermoregulation as well as haptic perception (Green, 2004) . We propose that cold thermal signals that arise from contact with a grasped artificial body part may influence body ownership by interacting with, and altering the integration of, incoming cutaneous signals. Why heat did not influence perceived ownership remains unclear. There is evidence that cooling is associated with a perception of wetness, whereas heating is not (Filingeri & Havenith, 2015) . In our study, we did not ask subjects whether they felt wetness with either the hot or cold fingers.
Compliance of the held artificial finger did not influence the sense of ownership. However, this was not likely to be due to an inability to perceive the difference in compliance of the control rubber finger and the soft and firm fingers. Humans can discriminate small differences in the compliance of materials, much smaller than the gross differences in our study, and this acuity remains when cutaneous receptors are the only source of sensory information (Srinivasan & LaMotte, 1995) . Thus, centres that integrate sensory signals to update the sense of body ownership do not appear to be influenced by the compliance of contacted objects.
In contrast, holding a rough finger caused an immediate and sustained reduction in perceived ownership, with a magnitude similar to that observed when holding the cold finger. Humans can sense small differences in texture (e.g. Lamb, 1983a) , relying on the spatial code generated by cutaneous receptors to discriminate textural elements similar in size to those of the rough finger (Lederman, 1974; Connor et al. 1990; Blake et al. 1997) . A spatial code is possible because of the high density of cutaneous sensory receptors in the digits, especially rapidly adapting receptors associated with Meissner's corpuscles (RA) and slowly adapting receptors associated with Merkel disk receptors (SAI; Johansson & Vallbo, 1979b , 1980 Lamb, 1983b) . This neural code is integrated by key areas in the primary and secondary somatosensory cortices to provide an accurate representation of the texture of contacted objects (e.g. Tremblay et al. 1996; Jiang et al. 1997) . Results from the present study indicate that these textural cues can influence the sense body ownership when the texture of a grasped object is dissimilar to one's own skin. To what extent more subtle differences in texture influence body ownership remains to be determined. . Experiment 2: effects of finger compliance on the grasp illusion A, differences in perceived vertical spacing between the firm finger and control rubber finger at the start and end of the trial (firm -control) and the soft finger and control rubber finger at the start and end of the trial (soft -control). Positive values indicate perceived vertical spacing was smaller for the control rubber finger, whereas negative values indicate it was greater for the control rubber finger. The effect of compliance on perceived spacing over time is also shown on each panel (effect: difference end -difference start). B, differences in perceived ownership between the firm finger and control rubber finger at the start and end of the trial (firm -control) and the soft finger and control rubber finger at the start and end of the trial (soft -control). The right of each panel shows the effect of finger compliance on perceived ownership over time (difference end -difference start). All values are mean [95% CI].
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Holding the odd-or rectangular-shaped object reduced perceived ownership by 1.1-1.2 points, both immediately and after 3 min. This effect of object shape is in line with the tactile acuity of humans to discriminate different object curvatures, edges and shapes (e.g. Goodwin et al. 1991; Wheat et al. 1995; Voisin et al. 2002) . The largest inflow of cutaneous signals related to shape occurs at first contact (for a review, see Johansson & Flanagan, 2009) . This is in line with the fast detection, within a few hundred milliseconds, of familiar versus unfamiliar grasped objects (Gurtubay-Antolin et al. 2015) . It also fits with the immediate effect of object shape on perceived ownership in the present study.
At the level of sensory afferents, mechanoreceptors in the digits vary their discharge when the skin contacts objects that have different curvatures (Goodwin et al. 1997; Jenmalm et al. 2003) and that cause different amounts of indentation (Srinivasan & LaMotte, 1987) . While RA receptors and slowly adapting mechanoreceptors associated with Ruffini endings (SAII) are sensitive to such stimuli, SAI receptors show the greatest sensitivity (Goodwin et al. 1995 (Goodwin et al. , 1997 Wheat et al. 1995; Jenmalm et al. 2003) . In line with the sustained effect object shape had on the sense of ownership in the present study, changes in SAI discharge rates from skin indentation persist and even increase over time (Srinivasan & LaMotte, 1987) .
Processing of these sensory signals occurs early in the somatosensory pathway, at the level of first and second order neurones (Johansson & Flanagan, 2009; Pruszynski & Johansson, 2014) . However, the neural code from the population of active mechanoreceptors is required to extract detailed shape-related information of touched objects (Bensmaia et al. 2008) . This extraction takes place in the primary and secondary somatosensory cortices, as well as the visual cortex (James et al. 2002; Bensmaia et al. 2008; Hsiao, 2008) . Based on the present study, centrally generated shape information of grasped objects is an important physical characteristic to the sense of body ownership. . Experiment 2: effects of finger texture on the grasp illusion A, differences in perceived vertical spacing between the rough finger and control rubber finger at the start and end of the trial (rough -control) and the smooth finger and control rubber finger at the start and end of the trial (smooth -control). Positive values indicate perceived vertical spacing was smaller for the control rubber finger, whereas negative values indicate it was greater for the control rubber finger. The effect of texture on perceived spacing over time is also shown on each panel (effect: difference end -difference start). B, differences in perceived ownership between the rough finger and control rubber finger at the start and end of the trial (rough -control) and the smooth finger and control rubber finger at the start and end of the trial (smooth -control). Compared to the control rubber finger, perceived ownership at the start of the rough-finger trial was lower by 1.2 [0.6 to 1.8] points on the Likert scale, whereas it was lower by 0.9 [0.2 to 1.6] at the end of the trial. The right of each panel shows the effect of finger temperature on perceived ownership over time (difference end -difference start). All values are mean [95% CI].
Perceived body position and ownership
Not surprisingly, multi-sensory stimuli used to elicit the rubber hand illusion activate brain areas involved in multi-sensory processing (Ehrsson et al. 2004 (Ehrsson et al. , 2005 , but this does not imply that multi-sensory stimuli are required for these illusions. In line with this, we have previously shown that body ownership can be induced when muscle spindles are the only relevant source of sensory information arising from a stimulus (Héroux et al. 2013; see Butler et al. 2017 for review) . Now with the grasp illusion, we provide similar evidence for cutaneous signals. Thus, multi-sensory stimuli are not required to induce a sense of body ownership.
When congruent stimuli such as brushing are used to elicit the rubber hand illusion, cerebellar areas involved in processing the timing of afferent signals are activated (Ohyama et al. 2003; Ehrsson et al. 2005) . However, this activity does not imply that ongoing, sensory stimuli with temporal congruence are required for illusions of ownership. With the grasp illusion, we find that static, sustained cutaneous information can induce such illusions.
In the absence of dynamic multi-sensory stimuli, how does the grasp illusion induce a sense of ownership and alter perceived body position, and what does this reveal about the central processes involved? We previously proposed that the brain generates internal sensory representations of possible scenarios and verifies them for consistency with incoming sensory information (Héroux et al. 2013) . When applied to the grasp illusion, our current results indicate that for many subjects, incoming sensory signals were congruent with the scenario that they were holding their own index finger, although this did not physically occur. Cutaneous inputs from the left thumb and index finger signalled they were touching a finger-like object, while those from the right index finger signalled . Experiment 2: effects of finger shape on the grasp illusion A, differences in perceived vertical spacing between the odd-shaped finger and control rubber finger at the start and end of the trial (odd -control) and the rectangular finger and control rubber finger at the start and end of the trial (rectangular -control). Positive values indicate perceived vertical spacing was smaller for the control rubber finger, whereas negative values indicate it was greater for the control rubber finger. The effect of shape on perceived spacing over time is also shown on each panel (effect: difference end -difference start). B, differences in perceived ownership between the odd-shaped finger and control rubber finger at the start and end of the trial (odd -control) and the rectangular finger and control rubber finger at the start and end of the trial (rectangular -control). Compared to the control rubber finger, perceived ownership at the start of the odd-shaped finger trial was lower by 1. it was being touched by pair of finger-like objects. In addition, the rubber finger was oriented such that it could be mistaken for one's own finger, which is important given that familiar objects are recognised more rapidly and accurately when they are in a familiar orientation (Craddock & Lawson, 2008; Woods et al. 2008) . Also, broader sensory information about the position of the trunk and arms signalled that both hands were located in a similar workspace and oriented in a manner analogous to when the left index and thumb grasp the right index finger. Finally, when answering questions of perceived spacing and ownership, subjects may have visualised their hidden limbs and possibly the finger-like object they were grasping. From a psychological perspective, it could be said that these physical properties were compatible with the brain commanding, or affording actions to, this finger-like object. This process would favour acquisition of some ownership of the object (Aymerich-Franch & Ganesh, 2016) . When out of view and in a similar part of the workspace, the hands drifted closer together over the course of both the no-grasp and grasp trials. This effect likely relies on the broader sensory information about trunk and arm position discussed above. The specific cutaneous signals associated with the grasp illusion are what likely led subjects to perceive their hands to be an additional 5-6 cm closer together. In terms of the scenario-testing discussed above, feeling that your hands are closer together would favour a scenario where you were holding your own right index finger. This is in line with previous reports in which body ownership and positional drift of the hands were positively correlated (Botvinick & Cohen, 1998; Erhsson et al. 2005; Longo et al. 2008) . However, this correlation is not always observed (Holmes et al. 2006; Makin et al. 2008) and positional drift can occur in the absence of perceived ownership (Rohde et al. 2011) . Also, ownership can be maintained even when the size of positional drift is experimentally manipulated (Abdulkarim & Ehrsson, 2016) . In the present study, grasping artificial fingers with certain physical characteristics (i.e. cold, rough, odd and rectangular shape) decreased perceived ownership, but this was not associated with a change in perceived spacing of the hands. Thus, as concluded by Abdulkarim & Ehrsson (2016) , perceived body position and ownership likely involve distinct central processes. Nevertheless, this does not preclude the two senses from influencing each other. Feeling that your hands are close together can favour the scenario that you are holding your own finger.
Conclusion
The sense of body ownership can easily go unnoticed, that is until it is affected by disease or manipulated experimentally. Our results highlight just how malleable this bodily sense is. Here we show that some, but not all physical characteristics of touched objects contribute to the central processes that govern the sense of body ownership. Furthermore, despite previous reports that dynamic sensory stimuli are required to perturb this sense, we provide evidence that static cutaneous stimuli are sufficient to induce large proprioceptive errors in the perceived position of the hands as well as a sense of ownership over an inanimate object. These results may also alter how clinical conditions are assessed and treated, as well as inform the design of modern technologies like telesurgery and computer-brain interfaces.
